Banff National Park, Alberta. J. Fish. Res. Bd. Canada 27: 233-249. Limnological investigations of an alpine and a lower subalpine lake in Banff National Park from 1966 to 1968 showed that vernal circulation may not extend to the bottom in either lake and that complete autumn circulation may persist for several weeks in both lakes. Winter heat incomes were similar in the lakes, but the summer heat income was much lower for the alpine lake due to heat lost through water renewal. Thermal stratification was more clearly defined in the subalpine lake each year than in the alpine lake. When well-defined chemical stratification occurred, it was short-lived in both lakes. With the exception of phosphate, which was highest in spring and early summer, most changes in chemical composition appeared related to dilution. Very low oxygen concentrations occurred in the bottom water strata of the subalpine lake, but depletion was never severe in the alpine lake. Of the incident visible light 16% penetrated ice and snow cover (1 m) on the alpine lake, but less light reached the water of the lower subalpine lake because of cloudy ice and deeper snow. The trophogenic zone extended to the bottoms of both lakes (about 13 m) for at least part of each year.
INTRODUCTION
ALTHOUGH many detailed physical and chemical limnological investigations have been conducted in alpine lakes of other countries (e.g., Loffler, 1968; Pechlaner, 1966; Pennak, 1955 Pennak, , 1968 and others) , there have been few studies of alpine and subalpine lakes in western Canada, especially in winter. Rawson (1942 Rawson ( , 1953 surveyed some large mountain lakes in western Canada, and some unpublished studies of other lakes have been made.
Preliminary to ecological studies on some lakes in Banff National Park, investigations of water temperatures, snow and ice cover, light penetration, and several aspects of chemical limnology in Herbert and Snowflake lakes were conducted in 1966, 1967, and 1968 . Plerbert Lake was included in a survey study by Rawson (MS, 1939) and in a study of primary production in some mountain lakes by Fabris (MS,' 1966) , but no previous investigations had been carried out at Snowflake Lake. ' Carried out as part of the Canadian Wildlife Service program of limnological research in the Canadian National Parks.
'Some of the Snowflake Lake data was taken from a thesis submitted by the author in partial fulfillment of the requirements for the degree of Doctor of Philosophy from the University of Calgary, Calgary, Alta.
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Snowflake Lake is 50 km north and Herbert Lake is 60 km northwest of the town of Banff, Alberta (inset, Fig. 1 ). Other lake data are summarized in Table 1. FIG. 1. Bathymetric maps and hypsographic curves for Snowflake and Herbert lakes, Banff National Park. All depths are in meters. The main sampling location at each lake is marked "X." Situated in a cirque valley and bordered by a meadow, Snowflake Lake is near treeline in the "alpine zone" (Pechlaner, 1966) . There is no higher emergent or benthic vegetation in the lake. Herbert Lake is in the lower "subalpine zone" (Rowe, 1959) and is bordered on three sides by stands of white spruce (Picca glauca) and lodgepole pine (Finns contorta). There is a narrow band of emergent vegetation (Carex sp.) along part of the shoreline. Scattered clumps of Chara sp. and Potanwgcton sp. occur in the shallow water (Fabris, MS, 1966) . Most of the shallow areas of the lake are devoid of higher plant forms.
Although occasional air temperatures of 26 or 27 C were reached in July or August in the vicinity of Snowflake Lake from 1966 to 1968, mean daily air temperatures for the June to September period were in the S 10 C range. Daily means for the winter period were usually in the 12 to 4 C range with records as low as 38 C in the January-March period (Baptie, MS, 1968) . Although records for the cirque area .are few and incomplete, it is estimated that the annual precipitation, expressed as the equivalent of rain, ranges between 50 and 70 cm, most of which falls as snow. The alpine zone in this region is subject to winds of up to 80 km hr or more, most frequently in autumn and winter.
The forest shelters Herbert Lake from winds, which are usually lower in velocity in the lower subalpine than in the alpine zone. Thirty-five years of weather records for Lake Louise Junction near Herbert Lake indicate that air temperatures fluctuate greatly throughout the tear and from year to year (unpublished Department, of Transport: records). Since 1935, the high and low air temperatures for the November to April period were 23.3 and -52.8 C and the high and low for the May to October period were 34.4 and -27.8 C. The mean daily winter air temperatures are usually in the -8 to +4 C range and the mean daily summer air temperatures are usually in the 10-20 C range. Temperatures well above freezing occur frequently during the winter. Expressed as the equivalent of rain, the total annual precipitation in the Herbert Lake vicinity is usually between 60 and 70 cm, about 60% of which falls as snow.
METHODS
Most samples and measurements were taken at one station at the dccjjest part of each lake (Fig. 1) . Water samples were taken with a Van Dorn-style PVC sampler and stored in polyethylene bottles that were acid-washed and triple-rinsed in demineralized water. Field analyses of alkalinity, hardness, /dl, and specific conductance were performed within half an hour of sampling whenever possible. Sjiecific conductance was measured with a Dionic Series 3 Conductivity-Meter; j>\\ was determined with an E.I.L. Model 308 p\\ Meter; total alkalinity and hardness were determined in the field with chemicals from the Hach Chemical Co., Ames, Iowa. Laboratory water analyses were performed by the Inland Waters Branch, Department of Energy, Mines and Resources of Canada according to standard methods (American Public Health Association, 1965) . Dissolved oxygen was measured with a Lakes Instrument Co. Mark 11 oxygen sensor. Samples of bottom sediments, taken from the deepest parts of both lakes during the winter of 1967, were dried at 100 C for 24 hr and then ashed at 650 C for 2 hr. No corrections were made for the transformation of carbonates and bicarbonates into oxides.
Soundings were made with a Lowrance "Fish-Lo-k-tor" transistorized echo sounder that was checked against a leaded line. Lake volumes were calculated according to the method suggested by Welch (1948) . The outlet stream How from Snowflake Lake was estimated in 1967 on a sandy bottom stretch of uniform dimensions using a floating chip.
Temperatures were determined with a Yellow Springs Instrument Co. Model 425C thermistor thermometer calibrated against a mercury thermometer at each use. The heat incomes for both lakes were calculated according to Hutchinson (1957) and incorporated a 0.9 expansion factor for ice (Pechlaner, 1966) . Heat required to melt snow was included for Herbert Lake, but not for Snowflake Lake because little snow remained on the ice at the time of the spring thaw. Nine cm of snow was taken to be equivalent to 1 cm of ice.
No sunshine recorder was available at the time of these investigations. Estimates of hours of daylight for the two lakes were based on field observations and on extrapolations from sunrise-sunset tables from the Calgary International Airport. Incident light at the lakes was measured with a Sekonic photometer.
Light penetration into the water was measured with a modified underwater photometer and GKA 48-BOl galvanometer supplied by The International Agency for "C Determination. The photometer was fitted with a selenium cell that is sensitive only to the short-wave radiation between 350 and 700 mp (visible light). Filters used with the underwater photometer had the following specifications: Underwater readings were corrected in the manner outlined by Westlake (1965) . In winter, a 15-cm hole was bored in the ice and efforts were made to minimize snow cover disturbance. Before light readings were taken, the ice-hole around the cable was packed with snow, a piece of opacpie rubberized fabric was placed around the cable, and snow cover was restored as closely as possible to its undisturbed condition.
PHYSICAL CHARACTERISTICS MORPHOMETRY, WATER RENEWAL, BOTTOM SEDIMENTS
In general the basin of Snowflake Lake is shaped like a flanged bowl whereas that of Herbert Lake approximates an inverted cone (hypsographic curves, Fig. 1 ). The drainage basin for Snowflake Lake is only 150 ha, which is approximately 21 times the lake area and only about half the comparable figures (mean = 40.5 times) given for 32 Italian alpine and subalpine lakes by Ravera and Tonolli (1956) .
The estimated annual water renewal (7.7 times, 1967), most of which occurs between mid-June and mid-August, was similar to the rates determined for the Austrian Finstertaler Seen (large = 2.8 times; small = 11.2 times) by Pechlaner (1966) . Snowflake Lake has a volume similar to that of the smaller Austrian lake. Drainage basin area and water renewal rates for Herbert Lake were not determined, but the water renewal rate for this lake is probably in the order of once a year.
The bottom material in Snowflake Lake is mostly fine gravel on the steeper slopes, but the sediment in the deepest areas consists of black mud rather low in organic content. The upper strata of the deepwater sediments in Herbert Lake are medium to dark brown, flocculcnt, and higher in organic content. The average weight loss for the Snowflake samples -was 20.1% of the dry weight; for Herbert samples, 65.4%.
ICE AND SNOW COVER
Snowflake Lake was usually frozen from about October 10 until late June or early July and Herbert Lake from about the end of October until mid-May (Fig. 2) . Snowflake Lake remained blown free of most snow during much of each winter, but snow cover on Herbert persisted throughout the winter. Consequently, the ice layer tended to be somewhat thicker on Snowflake Lake. When ice holes were cut at Snowflake, the water level always remained a few centimeters below the upper ice surface, except in a small area on one side of the lake where deep snow accumulated.
In Herbert Lake, the weight of snow often pushed the ice downward and caused water to well up through cracks into the snow, where the upper layer froze if temperatures were sufficiently low. This resulted in the formation of alternate layers of ice and slush and hence a solid layer of cloudy ice during spells of very cold weather, in sharp contrast to the predominantly clear ice of Snowflake Lake. Because total ice thickness tended to remain constant on Herbert Lake from January to April, the lower surface of the ice layer must have melted off continuously. The lower half of the ice layer was usually fairly clear and rather soft, which suggests that the crystal structure of the ice changed as the temperature increased.
TEMPERATURE
In Snowflake Lake, a thermocline developed in 1967, but was poorly defined in 1966 and 1968 (Fig. 3) . The 1967 thermocline was not greatly different from that in Vorderer Finstertaler See in 1961 (Pechlaner, 1966 . Under the ice, lower water temperatures occurred in Snowflake Lake at all depths than were found in the Austrian lake, where the water temperature was virtually isothermal at 4 C. The isopleths for Snowflake Lake indicate a rather short period of true isothermy at ice breakup, the slow development of thermal stratification, and a long period of autumn isothermy. Wind velocities during autumn were influential in lengthening the autumn overturn and in producing the low water temperatures that persisted throughout the winter. The lower summer water temperatures in 1966 and 1968 were undoubtedly due to higher water renewal rates, heavier rainfall, and more overcast skies in those years than in 1967. The higher surface temperatures and marked thermocline in Herbert Lake in 1967 were reflections of the warmer summer that year. Spring isothermy was short-lived, but autumn isothermy persisted about as long as in Snowflake Lake. Temperatures under the ice were higher than those in Snowflake Lake, where autumn winds were colder, more frequent, and higher in velocity. When Herbert Lake was frozen over, slightly higher temperatures at mid-depth than at bottom (usually 0.1-0.2 degrees C higher) suggested the presence of warm springs or limited heating from the bottom sediments between the 5 and 7 m depths.
The cold, wet summer of 1966 partly accounted for a lower summer heat income that year for Snowflake Lake (Table 2 ). Differences in lake inlet and outlet temperatures during the open-water season in 1967 indicated that a heat loss of up to 9000 cal cm -2 occurred through water renewal. The greatest actual heat loss from this source occurred during July, but the greatest differ-TABLE 2. Meat budgets for Snowflake Lake, 1966 , 1967 , and for Herbert Lake, 1967 , 1968 ence between inlet and outlet temperatures occurred in September, a feature probably common to most north temperate zone lakes (see Rodgers and Anderson, 1961) . Although water renewal rates and inlet-outlet temperatures are not available for Herbert Lake, the summer heat loss due to water renewal would be small compared with Snowflake Lake, where loss due to water renewal could amount to from two to four times the calculated summer heat income.
If the heat required to melt the accumulated snow on the lake is included, then the winter heat income for Herbert Lake was much higher than that for Snowflake Lake. This may be due in part to higher air temperature at Herbert Lake and to warm inlet water or heating from the bottom. The higher winter heat income for Herbert Lake in 1967 than in 1968 was required to melt the nearly twice normal snowfall that winter. Incomplete data showed apparently direct relationships between lota] winter snowfall and ice breakup dates.
LIGHT
For both lakes, the sunrise-to-sunset period was estimated to range from about 6\ hr in December to LSI hr in June. For Snowflake Lake, the screening effect of tlie mountains was less in summer than in winter because of tlie position of the mountains and the elevation angle of the sun. The percentage reduction of sunshine was calculated to be between 8 and 26%, about half the screening effect noted for the Austrian Finstertaler Seen (Pechlaner, 1966k Alidday surface light intensities for Snowflake Lake were usually between 64,000 and 87,000 lux on clear days. A maximum reading of 103,300 lux occurred in the forenoon of June 29, 1967, when tlie mountains were snow-covered and the sun was near the summer solstice. The next highest intensity was recorded April 20, 1967. a day of almost continuous hazy overcast, which indicates the diffusing effect of light cloud or haze. Similar light intensities were recorded for Herbert Lake at about the same time. A low sun tingle together with partial white cloud cover can increase the total radiation on the earth's surface by 40% (Hutchinson, 1957) . The shielding effect of heavily overcast skies was apparent on June 29 and November 7, 1967. Cloud cover can reduce the possible radiation by up to 50% in winter and 30',' in summer (Rodgers and Anderson, 1961) .
The extinction coefficients for Snowflake Lake were estimated from the nomograph given by Sauberer (1962) , and fell between 0.32 and 0.47, indicating very little light-absorbing substance in the water and little change in the amount present during the open-water period. The sharp rise in light extinction below 9 m on June 29 (Fig. 4) was also found during July. This was the time of high surface runoff, when cold meltwater from the snow around the kike slid down the sides of the lake basin and created 2 or 3 m of turbid waiter at the bottom. Although the range of selective filters lor the underwater photometer was incomplete at the time of these investigations, some readings were taken at Snowflake Lake. The increased attenuation of light in the different spectral ranges was greatest during the period of high water renewal (July) and blue was absorbed at a proportionately higher rate at this time (Fig. 5) .
On Snowflake Lake, over 16% of the incident light penetrated more than 1 m of combined ice and snow cover; on Herbert Lake, up to 13% (Fig. 4) .
CHEMICAL CHARACTERISTICS
Low oxygen concentrations in Snowflake Lake were confined to the bottom 2 m (Fig. 6 ). This and the marked gradient at 6 or 7 m throughout most of the year were indications of limited water circulation under the ice and during July and August. The absence of anaerobic conditions was likely due to the accumulation of only small amounts of organic matter. The increase in dissolved oxygen under the ice in mid-May coincided with spring phytoplankton development (Anderson, AIS, 1968) . Low oxygen concentrations and the absence of sharp dissolved-oxygen gradients under the ice in Herbert Lake were thought to have been due to more circulation and less photosynthesis FlG. 5. Penetration of shortwave radiation in Snowflake Lake expressed as percentages of surface intensity.
(Anderson, unpublished data) than occurred in Snowflake Lake. The uniform vertical distribution of oxygen in autumn in both lakes coincided with the prolonged overturn. Calcium, followed by magnesium, was the dominant cation and bicarbonate was the dominant anion in both lakes (Table 3) . However, unlike Snowflake Lake and most lakes in the Banff, Jasper, and Yoho national parks where sulfate is the subdominant anion (Anderson, A IS, 1969a, b) , chloride was the subdominant anion in Herbert Lake. The order of dominance was not altered by expressing concentrations as milliequivalenls per liter, although magnesium, sulfate, and chloride become more important in terms of reacting values.
The ratio of salinity (or sum of constituents as ppm) to the specific conductance as pmhos cm" 1 at 25 C is between 0.55 and 0.70 for most waters (American Public Health Association, 1965) . This ratio for Snowflake and Herbert lakes fell consistently between 0.47 and 0.56 with an approximate mean value of 0.53. Specific conductance and sum of constituents had similar seasonal patterns and reached lowest surface values in June, July, and August (Fig. 7, r, d, g, A) , when water renewal and primary production rates were highest in Snowflake Lake. Concentration gradients were more striking in Herbert than in Snowflake Lake and were probably related to the more clearly defined thermocline and the lower summer circulation in Herbert Lake. The probability of incomplete overturn in both lakes in spring is suggested by the isopleths in Fig. 7 , although vernal circulation may reach a greater depth in Snowflake than in Herbert Lake.
Two p\~\ maxima in the surface waters of both lakes were found in 1967 (Fig. 7, b 9 f) . The first occurred under the ice after the time of maximum ice thickness, and the second just after the period of highest water renewal.
In both lakes, the seasonal variations in the concentrations of sodium, potassium, magnesium, calcium, bicarbonate, sulfate, chloride, and silica tended to follow closely the patterns for specific conductance and sum of constituents and to reflect the combined influence of flushing and photosynthetic activity. Xo clear pattern was exhibited by dissolved iron and manganese, but small increases were apparent during and immediately after the period of late winter and early spring stagnation, which would produce a weakly reducing environment in and near the sediments (Gorham, 1958) . No satisfactory methods for lakeside determination of nitrate or dissolved phosphate were available at the time of investigation, but laboratory analyses indicated that the total dissolved phosphate concentrations were very low ( Table 3) . Exceptions occurred at the time of highest water renewal, when concentrations occasionally doubled or tripled. Nitrate rarely exceeded 0.1 ppm in either lake.
DISCUSSION
With respect to physical and chemical limnology, Snowflake Lake is fairly typical of the alpine and upper subalpine lakes (other than glacial lakes) in the National Parks of Canada, and Herbert Lake is representative of the small, mesotrophic lower subalpine lakes (Anderson, MS, 1968 , MS, 1969a .
Incomplete vernal circulation in both lakes (Fig. 6, 7 ) may have been due to low wind velocities, and in Herbert Lake to uniform 4 C temperatures under the ice at the time of ice breakup (Fig. 3) . The lack of separation of winter and summer stagnation periods in Herbert Lake (Fig. 6 ) was probably due to incomplete spring overturn. Rawson (MS, 1939) stated that "adequate" circulation occurred in Herbert Lake, that oxygen saturation near bottom was not lower than 80%, and that stagnation was unlikely to occur. Measurements in the present study indicated that saturation below 50% is likely to occur in the lake in both summer and winter. Saturation levels below 5% were found in the bottom 2 m at both times in 1967 (Fig. 6) . Circulation in the lake may be lower now than it once was and the processes of eutrophication, natural or artificial or both, may have accelerated somewhat in the past 30 years. Oxygen supersaturation did not commonly occur in the lakes, but near-saturation levels were common. The infrequent occurrence of supersaturation mac' have been due to the low photosynthetic production measured in the lakes (Anderson, MS, 1968, and other unpublished data) . It is unlikely that oxygen saturation figures for alpine lakes are of value as indicators of production (Pechlaner, 1966) .
It is likely that the low concentrations of dissolved iron in the two lakes was due to a combination of factors: to the small amount of dissolved organic matter present that could function as a chelator; to the iron-poor geological formations in which the lakes occur (Baird, 1967; McLaren, 1955) ; and to the infrequent occurrence of anaerobic conditions in the lakes. Seasonal pll maxima (Fig. 7, b,f) coincided with periods of low circulation and with peaks of photosynthetic activity (see Arncmo, 1964) .
Although visible light constitutes only about half the total incoming irradiance as measured by a pyrheliometer (Strickland, 1958) , it has been pointed out (Smith, 1968) that the total energy between 350 and 700 m/x characterizes the photosynthetically useful radiant energy in natural waters. Although the photometer output at each depth in this study was indicative of the total light energy at that depth, the relationship is complex because different wavelengths are selectively filtered out by the water and because the selenium cell varies in its sensitivity to wavelengths between 350 and 700 m/x (Westlake, 1965) . The percentage of incident visible light that penetrated the ice and snow cover in Herbert and Snowflake lakes was much greater than that reported for some other lakes in winter (Chandler, 1942; Halsey, 1968; Pechlaner, 1964; Pennak, 1968; Rodhe, 1962; Wright, 1964) . In Snowflake Lake, this was undoubtedly due to the high transparency of the ice, little snow or slush on the ice, and the high albido.
The depth at which light, intensity is 1% of surface intensity is suggested as the lower limit of the trophogenic zone (Steemann-Nielsen and Aabye Jensen, cited by Arnemo and Nauwerck, 1965) . During much of the year, this zone extended to the bottom of Snowflake Lake, and to the bottom of Herbert during some of the open-water season.
The winter heat income for Snowflake Lake ( (1966) . Although the ice was thicker and the water colder at Snowflake Lake, the Austrian Lake has a greater mean depth, which probably contributed to the similar heat income. The summer heat income figures for Snowflake Lake were much lower than Pechlaner's figures of 5690-6740 cal cm" 2 for Vorderer Finstertaler See. This was undoubtedly due to the higher (nearly four times) water renewal rate for Snowflake Lake. The heat loss due to water renewal will be proportionately greater in small lakes having relatively high water renewal rates, and the calculation of summer heat income without considering this source of loss produces an inaccurate figure.
The summer heat income figures for Herbert Lake (Table 2) were much higher than those for Snowflake Lake but slightly lower than those for Vorderer Finstertaler See. The Herbert Lake summer value compared closely with the value of 5650 cal cm" 2 for Amethyst Lake (Rawson, 1953) , and the annual budget for Herbert Lake compares closely with the annual budget: of 15,300 cal cm -2 determined for Lake Erken in Sweden (Nauwerck, 1963) .
There is little positive evidence so far for either lake that enough heat exchange from the bottom sediments occurs to produce circulation as was reported for Tub Lake by Likens and Ragotzkie (1965, 1966) . However, the gradual rise of the 2 C isotherm in Snowflake Lake (Fig. 3) in the winter of 1967-68 suggests that heat transfer to bottom waters from the sediments may occur some years.
Thermoclines are "not regularly developed in temperate alpine lakes" (Thomasson, 1956) , a feature that is undoubtedly related to the short openwater season and to the prevalence of high velocity winds and low air temperatures at high altitudes. The weak summer thermal stratification in Snowflake Lake and the small zone of low oxygen saturation indicated that less than 10',' of the lake volume was isolated by stratification (Fig. 3, 6 , summer 1967). If this is the case, then the actual and estimated water renewal rates were nearly equal.
